(19) 



J 




i 



(12) 



(43) Date of publication: 

1 4.04.1 999 Bulletin 1 999/1 5 

(21) Application nun±»er: 98118865.9 

(22) Date of filing: 06.10.1998 



Europdisches Patentanrrt 
European Patent Office 
Off ice europeen des brevets (11) EP O 908 716 A1 

EUROPEAN PATENT APPLICATION 

(51) int. CI.S: G01N 17/00 



(84) 


Designated Contracting States: 


• Komine, Norio 


AT BE CH CY DE DK ES H FR GB GR IE IT LI LU 


c/o Nikon Corporation, Fuji BIdg. 




MCNLPTSE 


Tokyo (JP) 




Designated Extension States: 


• Fujiwara, Seishi 




ALLTLVMKROSI 


c/o Nikon Corporation, Fuji BIdg. 






Tokyo (JP) 


(30) 


Priority: 07.10.1997 J P 274200/97 




(74) Representative: 


(71) 


Applicant: NIKON CORPORATION 


Viering, Jentschura & Partner 


Tokyo (JP) 


Postfach2214 43 






80504 Munchen (DE) 


(72) 


Inventors: 




• 


Jinbo, HIroki 






do Nikon Corporation, Fuji BIdg. 






Tokyo (JP) 





(54) Method for estimating durability of optical member against excimer laser irradiation and 
method for selecting silica glass optical meriiber 



(57) A method is provided for estimating durability of 
an optical member against pulsed excimer laser beam 
irradiation. The method includes the steps of (a) irradiat- 
ing a test sample for the optical member with a pulsed 
excimer laser beam to induce changes in transparency 
of the test sample with respect to the pulsed excimer 
laser beam, the irradiation being performed for such a 
time period as to cover not only a linear region and a 
saturation region and (b) measuring changes in the 
transparency of the test sample with respect to the 
pulsed excimer laser beam as a function of the cumula- 
tive number of the excirner laser pulses that have irradi- 



ated the test sample in step (a). The method further 
includes the step of (c) repeating steps (a) and (b) with 
a plurality of different first predetermined energy densi- 
ties of the pulsed excimer laser beam to derive a corre- 
lation equation representing the changes in the 
transparency of the test sample in the linear region and 
the saturated region in terms of the energy density of 
the pulsed excimer laser beam and the cumulative 
number of the excimer laser pulses and (d) estimating 
the durability of the optical member under actual usage 
conditions using the derived correlation equation. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to a method for estimating deterioration of the optical member and the maximum 
pulse number that can be applied to the optical members, or optical lenses, such as illumination lenses and projection 
lenses for use in KrF (248 mn) or ArF (193 nm) excimer laser lithography and optical lenses for excimer laser process- 
10 ing apparatus or the like. 

Discussion of the Related Art 

[0002] For the photolithographic technology for exposing and transcribing fine patterns of integrated drcurts onto 
15 wafers made of silicon, of the like, an exposure apparatus called a stepper has been used. Due to an increasing trend 
towards higher integration of LSI. the wavelength of the light source of the stepper has been becoming shorter and 
shorter; from the ^-line to the /-line, and further to KrF and ArF excimer lasers. Conventional general-use optical glass 
can no longer be used for the illumination system or the projection lens of this type of excimer laser stepper. Thus, silica 
glass and f luorite have been used for the optical members of the excimer laser exposure apparatus, for example. 
20 [0003] The silica glass and f luorite used for lenses of the illumination and projection systems processing excimer laser 
beams require, as in the case of conventional optical glass, a bulk transmittance of 99.5%/cm or more, or 99.8%/cm or 
more. Considerable amounts of research have been conducted to develop optical members having such a high trans- 
mittance in the ultraviolet range. Among others, optical deterioration in optical members; i.e.. changes in optical prop- 
erties of optical members over time caused by the properties of excimer laser light, such as short wavelengths and 
25 flashing nature of the laser beams (so-called solarization and compaction), has significant effect on the imaging per- 
formances. Therefore, this deterioration has been one of the major problems in developing suitable glass members, and 
it is important to investigate the behavior and causes of this optical deterioration. 

[0004] In particular, in order to investigate the behavior of the deterioration of silica glass for use with an irradiation 
energy of 10 mJ/cm^ per pulse or less, it is most desirable to measure changes in physical properties, such as the 

30 transmittance. refractive index, and the surface profile, after actually irradiating a test piece with a laser beam of an 
actual energy density. However, with such a low irradiation energy density, each change in the physical properties due 
to one irradiation pulse is extremely small. Therefore, in order to produce detectable changes in these ptiysical proper- 
ties, it is necessary to increase the number of irradiation pulses. (In other words, the measurement period needs to be 
extremely long.) However, in reality, because of limited manpower and economic and temporal restrictions, it Is difficult 

35 to keep on measuring one sample for several years. In addition, in the cases where stable performances need to be 
guaranteed over a decade or so, as in the case of reduction projection lenses made of expensive, special silica glass, 
such measurement is even more difficult. 

[0005] Given these circumstances, there is a strong demand for developing a method or providing an accurate esti- 
mation of the life-span (estimation of durability) without actually measuring the deterioration (changes in the physical 

4c? properties) in optical members over several years. Conventional estimation methods, which purport to achieve this goal, 
are effective only when the relationship between the reduction of the transmittance and the total number of irradiating 
pulses are linearly related. Thus, the conventional estimation methods are only applicable to estimation of the durability 
for a very low energy range, as may often be the case for the durability test of projection lenses. However, for illumina- 
tion systems, when changes in transmittance. which occur due to irradiation of pulses of 1 x 10® pulses or more at an 

45 energy density of several mJ/crr?- per pulse to several tens of mJ/cm^ per pulse, are in question, there is a non-negli- 
gible possibility that the reduction in transmittance may be grossly overestimated. Therefore, it has ben difficult to accu- 
rately estimate the life-span of the optical members. 

[0006] In addition, in order to estimate the life-span of an optical system of excimer laser steppers or apparatus 
processing excimer laser beams in general, it Is necessary to derive reliable formulae representing changes in the prop- 

50 erties of the lens material irradiated with the excimer laser. Accordingly, it is necessary to experimentally investigate the 
precise causes of the deterioration of silica glass or other optical member used in excimer laser optical member. None- 
theless, the published technical articles so far only show partial or qualitative results on this point, and very little 
research has ben conducted to determine the reliable estimation formulae; concrete formulae and/or methodology, 
which can quantitatively provide reliable estimation, have never been presented. 

55 [0007] Furthermore, in the case that the optical member is silica glass, if the transmittance decreases by 3 %/cm or 
more, it has been assumed that this deterioration in optical performances of the silica glass be caused by heat. Thus, 
when it was necessary to prove that there Is no deterioration due to heat, It was necessary to select a test sample hav- 
ing a transmittance reduction of 3 %/cm or less. 
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* SUMMARY OF THE iNVENTiON 

[0008] Accordingly, the present invention is directed to a method for estimating durability of optical member against 
excimer laser in-adiation and. a method for selecting a silica glass optical member that substantially obviate the problems 
£ due to limitations and disadvantages of the related art. 

[0009] An object of the present invention is to provide an accurate and simple estimation method for estimating the 
durability of an optical member against excimer laser irradiation. 

[0010] Additional features and advantages of the Invention will be set forth in the description that follows, and In part 
will fc>e apparent from the description, or may be learned by practice of the invention. The objectives and other advan- 
10 tages of the invention will be realized and attained by the structure particularly pointed out in the written description and 
claims hereof as well as the appended drawings. 

[001 1 ] To achieve these and other advantages and accordance with the purpose of the present invention, as embod- 
ied and broadly described, the present invention provides an estimation method for the durability of an optical member 
against Irradiation by an excimer laser, the method including a first st^, wherein in a linear range where a linear approx- 

15 imatibn is possible (i.e.. where the correlation between the absorption coefficient of the optical member and the Inte- 
grataj pulse number of the irradiating excimer laser is linear), the correlation between the hydrogen density and/or 
chlorine density in the optical member and the absorption coefficient, and the correlations between the in-radiation 
energy density as well as the Integrated pulse value and the absorption coefficient are derived, when the excimer laser 
with a first designated in*adiation energy density (for example. 0.01 to 10,000 mJ/cm^ per pulse) Irradiates the optical 

20 member, and then from these correlations, a first correlation equation for the absorption coefficient with the hydrogen 
density and/or chlorine density as well as the irradiation energy density and the integrated pulse value in the linear 
range is determined; a second step, wherein in the saturated range, the saturated absorption coefficient of the optical 
member is taken into account, and the correlation between the saturated absorption coefficient and the irradiation 
energy density and the correlation between the hydrogen density and/or the chlorine density and the absorption coef- 

25 f icient. when an excimer laser vyith the first designated in-adiation energy density iradiates the optical member are 
derived and from these correlations, a second correlation equation for the absorption coefficient with the hydrogen den- 
sity and/or chlorine density as well as the in-adiation energy density within the saturated range is determined; and a third 
step wherein by determining the changes in the absorption coefficient In the linear range, which can be obtained 
through substituting the hydrogen density and/or chlorine density in the optical member, the irradiation energy density 

30 and the integrated pulse value of the irradiating excimer laser in the first correlation equation, and finding the value of 
the absorption coefficient in the saturated range, which can be obtained through substituting the hydrogen density 
and/or chlorine density in the optical member, the irradiation energy density and the integrated pulse value of the irra- 
diating excimer laser in the second corelation equation, then the changes in the transmittance of the optical member 
due to the excimer laser with the second designated in-adiation energy density (actual condition for usage; for example, 

35 0.00001 to 100 mJ/cm^ per pulse) are determined so that the durability of the optical member is estimated. 

[001 2] In this process, the first correlation equation may be adjusted by a coefficient which is found statistically from 
the effects of the structural factors, fluorides OH groups and the pulse width of the excimer laser. In addition, with this 
testing method of durability estimation against excimer laser In-adiation. a silica glass optical member, with a 3 %/cm or 
less change in transmittance for an excimer laser .with respect to the second designated Irradiation energy density 

40 (actual condition for usage, for example. 0.00001 to 100 mJ/crn^ per pulse) can be selected. 

[0013] In another aspect, the present Invention provide a method for estimating durability of an optical member 
against pulsed excimer laser beam irradiation, the method including the steps of deriving a first correlation equation 
representing an absorption coefficient of a test sample for the optical member in terms of a first irradiation energy den- 
sity of a pulsed excimer laser beam, the cumulative number of the excimer laser pulses that have irradiated the test 

45 sample, and at least one of hydrogen and chlorine concentrations in the test sample, the first correlation equation rep- 
resenting the absorption coefficient in a linear range where an absorption coefficient of the test sample increases with 
the cumulative number of the excimer laser pulses in a substantially linear manner, the step of deriving the first corre- 
lation equation including the steps of (a) deriving correlation between the absorption coefficient and the at least one of 
hydrogen and chlorine concentrations in the test sample, (b) deriving correlation between the absorption coefficient and 

so the first irradiation energy density or the pulsed excimer laser beam, and (c) deriving the first congelation equation from 
the con-elation derived in step (a) and the correlation derived in step (b); deriving a second correlation equation repre- 
senting a saturated absorption coefficient of the optical member in terms of the first irradiation energy density of the 
pulsed excimer laser bearn and at least one of the hydrogen and chlorine concentrations in the test sample, the second 
correlation equation representing the saturated absorption coefficient in a saturated region where the absorption coef- 

55 f icient is saturated to the saturated absorption coefficient after an arbitrary number of the excimer laser pulses irradiates 
the test sample, the step of deriving the second correlation equation including the steps of (d) deriving correlation 
between the saturated absorption coefficient and the first irradiation energy density of the pulsed excimer laser beam, 
(e) deriving correlation between the saturated absorption coefficient and the at least one of hydrogen and chlorine con- 
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centrations in the test sample, and (f) deriving the second conrelation equation from the correlation derived in step (d) 
and the correlation derived in step (e); and estimating the durability of the optical member under actual pulsed excimer 
laser beam irradiation conditions, including the steps of (g) inputting a second irradiation energy density of the pulsed 
excimer laser beam to be actually directed towards the optical member and at least one of hydrogen and chlorine con- 

5 centrations in the optical member into the first correlation equation to derive changes the absorption coefficient of the 
optical member in the linear region as a function of the cumulative number of pulses of the pulsed excimer laser beam 
having the second irradiation energy density, (h) inputting the second irradiation energy density of the pulsed excimer 
laser beam to the actually directed towards the optical member and the at least one of the hydrogen and chlorine con- 
centrations in the optical member into the second correlation equation to derive a saturated absorption coefficient of the 

10 optical member In the saturated region, and (i) estimating the durability of the optical member against the pulsed exci- 
mer laser beam having the second irradiation energy density using changes the absorption coefficient derived in step 
(g) and the saturated absorption coeffident derived in step (h), 

[0014] In another aspect, the present invention provides a method for estimating durability of an optical member 
against pulsed excimer laser beam irradiation, the method Including the steps of (a) irradiating a test sample for the opti- 

75 ca! member with a pulsecl excimer laser beam to induce changes in transparency of the test sample with respect to the 
pulsed excimer laser beam, the irradiation being performed for such a time period as to cover not only a linear region 
where the changes in transparency changes substantially linearly with the cumulative number of the excimer laser 
pulses, but also a saturation region where the changes in transparency are substantially saturated to a saturated value, 
which occurs after the linear region; (b) measuring changes in the transparency of the test sample with respect to the 

20 pulsed excimer laser beam as a function of the cumulative number of the excimer laser pulses that have irradiated the 
test sample in step (a), the measurement being conducted in both the linear region and the saturated region; (c) repeat- 
ing steps (a) and (b) with a plurality of different first predetermined energy densities of the pulsed excimer leer beam to 
derive a correlation equation representing the changes in the transparency of the test sample in the linear region and 
the saturated region in terms of the energy density of the pulsed excimer laser beam and the cumulative number of the 

25 excimer laser pulses: (d) inputting the value of an energy density of the pulsed excimer laser beam conresponding to 
actual usage conditions of the optical member into the correlation equation to derive expected changes in the transpar- 
ency of the optical member as a function of the cumulative number of the excimer laser pulses under the actual usage 
conditions: and (e) comparing the expected changes in the transparency derived in step (d) with a required transpar- 
ency of the optical member to estimate the life-span of the optical member within which the optical member can satisfy 

30 the required transparency 

[0015] In a further aspect, the present invention provides a method for estimating durability of an optical member 
against pulsed excimer laser beam irradiation, the method including the steps of (a) irradiating a test sample for the opti- 
cal member with a pulsed excimer laser beam to induce changes in transparency of the test sample with respect to the 
pulsed excimer laser beam, the irradiation being performed for such a time period as to cover not only a linear region 

35 and a saturation region; (b) measuring changes in the transparency of the test sample with respect to the pulsed exci- 
mer laser beam as a function of the cumulative number of the excimer laser pulses that have irradiated the test sample 
in step (a); (c) repeating steps (a) and (b) with a plurality of different first predetermined energy densities of the pulsed 
excimer leer beam to derive a correlation equation representing the changes in the transparency of the test sample in 
the linear region and the saturated region In terms of the energy density of the pulsed excimer laser beam and the 

40 cumulative number of the excimer laser pulses; and (d) estimating the durability of the optical member under actual 
usage conditions using the derived correlation equation. 

[0016] It is to be understood that both the foregoing general description and the following detailed description are 
exemplary and explanatory and are intended to provide further explanation of the invention as claimed. 

45 BRIEF DESCRIPTiON OF THE DRAWINGS 

[0017] The accompanying drawings, which are included to provide a further understanding of the invention and are 
incorporated in and constitute a part of this specification, illustrate embodiments of the invention and together with the 
description serve to explain the principles of the invention. 
so [0018] In the drawings: 

FIG. 1 is a schematic diagram showing an excimer illumination test apparatus used for deriving estimation formulae 
of the present invention; 

FIG. 2 shows the dependency of the absorption coefficient of a silica glass at 193.4 nm on the energy density of 
55 an ArF laser beam in the linear range, which is used for deriving the estimation formulae of the present invention; 

FIG. 3 shows the dependency of the absorption coefficient of the silica glass at 1 93.4 nm on the cumulative number 
of pulses of the ArF excimer laser beam in the linear range, which is used for deriving the estimation formulae of 
the present invention; 
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FIG. 4 shows the dependency of the absorption coefticient of the silica glass at 193.4 nm on the dissolved hydro- 
gen molecule density in the silica glass in the linear range, which is used for deriving the estimation formulae of the 
present Invention; 

FIG. 5 shows the dependency of a saturated absorption coefficient of the silica glass at 193.4 nm on the energy 
£ density of the ArF excimer laser beam with two different chlorine density in the silica glass, which is used for deriv- 
ing the estimation formulae of the present invention: 

FIG. 6 shows the correlation between the cumulative number of pulses of the ArF excimer laser beam and the 
transmittance of silica glass for two silica glass samples having different molecular hydrogen densities, which is 
used for deriving the estimation formulae of the present Invention; 
10 FIG. 7 shows the dependency of the saturated absorption coefficient of the silica glass at 1 93.4 nm on the chlorine 
density in the silica glass under ArF excimer laser irradiation, which is used for deriving the estimation formulae of 
the present invention; and 

FIG. 8 shows changes in the transmittance of silica glass with respect to the cumulative number of pulses of the 
ArF excimer laser beam, estimated using the estimation formulae of the present invention, and the actually 
15 observed changes in transmittance. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[DDI 9] Reference will now be made in detail to the preferred embodiments of the present invention, examples of which 

20 are illustrated in the accompanying drawings. 

[0020] FIG. 1 shows a measurement apparatus for excimer laser in-adiation tests (life-cycle test). In this measurement 
apparatus, a homogenizer optical system 2. which also serves as a beam modifier, is disposed between ArF excimer 
laser light source 1 and an irradiated sample 3 (silica glass). Energy monitor 4 is disposed on the opposite side of ArF 
excimer laser light source 1 with respect to the sample 3. Laser beam 5 is generated from ArF excimer laser light source 

25 1 . The irradiation energy of the laser beam after it passes through the homogenizer optical system 2 and irradiation 
sample 3 is monitored by the energy monitor 4. and changes in the absorption coefficient of sample 3 are measured. 
[0021] According to the present invention, in order to estimate the durability of an optical member against excimer 
laser irradiation, the following procedures are employed- First, using the measurement apparatus, test data are 
obtained by irradiating a test object of the optical member with excimer laser beams under various conditions. Then. 

30 based on the obtained test data, correlation equations representing the changes in the absorption coefficient are 
derived using statistical and theoretical methods. Finally, an estimation formula in the range where it is possible to make 
a linear approximation of the absorption coefficient with respect to the cumulative pulse number (linear range) and an 
estimation formula in the range where thei absorption of the optical member is saturated (saturation range) are derived, 
and both formulae are combined. 

35 [0022] When the irradiation energy density of the excimer laser irradiating the test sample to obtain the above-men- 
tioned test data is in the range of about 0.01 to about 10,000 mj/cm^ per pulse, which is a preferable range for the 
measurement, the actual excimer laser irradiation energy density, which this accelerated test (life-cycle test) is 
designed to simulate, corresponds to the range of about 0.00001 to about 1 00 mJ/cm^ per pulse. Accordingly, using the 
irradiation energy density in the range of about 0.01 to about 10,000 mJ/cm^ per pulse for collecting the test data, it is 

40 possible to estimate the durability at a lower irradiation energy density of about 0.00001 to about 1 00 mJ/cni^ per pulse. 
[0023] First, the absorption coefficient in the linear range obtained by the above-mentioned measurement system is 
described. FIG. 2 shows the measurement results indicating the dependency of the absorption coefficient on the irra- 
diation energy, i.e.. changes in the absorption coefficient (cm' V at 193.4 nm versus the irradiation energy density. 
Here, the same sample 3 was used and only the irradiation energy density was changed without changing other condl- 

45 tions. The irradiation energy density was set to be 25. 50. 100 and 200 (mJ/cnt^ per pulse). Then, the absorption coef- 
ficients at the cumulative pulse number of 1x10^ pulses and 3x10° pulses were measured. (Often, the label "lEG" is 
used to represent "1 xi 0^.") The density of the dissolved hydrogen In samples 3 was set to be 1 xlO^^ molecules/cm . 
[0024] Equation (1) is a formula representing the dependency of the absorption coefficient on the energy density for 
sample 3 with respect to the ArF excimer laser irradiation, determined by the method of least squares based on these 

50 results: 

Absorption Coefficient (cm'^ ) at 193.4 nm = K ^ - . (1) 

where, E is the energy density {mJ/cm^ per pulse), a is the dependency on the energy density: a=2±0.2(3a). and 
55 is a constant. 

[0025] The cause of the absorption band induced by an ArF or KrF excimer laser is a combined peak due to the E' 
center (215 nm band). O3, and NBOHC (260 nm absorption band), which are created through two-photon absorption 
processes. 
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[0026] FIG. 3 shows the measurement results representing the dependancy of the absorption coefficient on the 
cumulative number of pulses, i.e., changes in the absorption coefficient (cm''') at 193.4 nm with respect to the cumula- 
tive pulse number. The irradiation energy density was set to be 25, 50, 100, and 200 mJ/cm^ per pulse as a parameter, 
and the absorption coefficient at each of the plotted cumulative pulse number was measured, as shown in FIG. 3. 
5 [0027] Equation (2) is a formula representing the dependency on the cumulative pulse number in the case of the ArF 
excimer laser irradiation, determined by the method of least squares based on the results of FIG. 3. 

Absorption Coefficient (cm'"') at 193.4 nm - K2 ' . (2) 

10 where. P is the cumulative pulse nun^er (pulses), b Is the dependency on the cumulative pulse value: 

t)=0.998±0.1(3a), and is a constant. 

[0028] This dependency formula holds only up to the absorption coefficient equal to or less than about 0.2 cm "' . In 
the absorption coefficient range greater than that value, the dependency b on the cumulative pulse number gradually 
becomes smaller than 0.998 and eventually is saturated. 

75 [0029] Next, the measurement results for the dependency of the absorption coefficient on the density of the dissolved 
H2, i.e., changes in the absorption coefficient {cm'^) at 193.4 nm with respect to the density of dissolved H2 are 
described. FIG.4 shows the correlation between the density of the dissolved H2 (in the range of 5x10^^ to 3x10"*^ 
molecules/cm'^) and the absorption coefficient (cm""") at 193.4 nm after the total (cumulative) pulse number of 1x10® is 
irradiated at an irradiation energy density of 1 00 mJ/cm^ per pulse. 

20 [0030] Equation (3) shows a formula representing the dependency determined by the method of least squares: 

Absorption Coefficient (cm"^) at 193.4 nm = • , (3) 

where. H is the density of dissolved (molecules/cm^), c is the dependency on the dissolved H2 density, and K3 is a 
25 constant. In Formula (3), c was determined to be -0.38 with the correlation coefficient y being 0.92. As evident from this 
high correlation coefficient value: y = 0.92. one of the dominant factors which affect the durability (namely the creation 
of absorption) or silica glass due to irradiation by an ArF excimer laser Is the density of dissolved H2 molecules. 
[0031] As described above, from the above three formulas (1). (2) and (3). which show the absorption coefficient's 
dependency on the energy density, the cumulative number of pulses, and the dissolved H2 density, respectively, an esti- 
30 mation formula for the absorption coefficient in the linear range for the sample 3 was determined as follows: 

linear Range Absorption Coefficient (cm'^):= K • • P^ * * d, (4) 

where, the constant K is 5.54 x 10"®. a is 2±0.2 (Sa). b is 0.998±0.1 (3a). and c is -0.38+0.1 (3<y). In Formula (4), d is 
35 a correction factor for a room temperature bleach phenomenon after the Irradiation. If the transmtttance is measured 
during the irradiation, then c/=1 . The value of d Increases exponentially with time after the Irradiation, and for example, 
the d value 10 minutes after the irradiation becomes as much as 2. 

[0032] At the ArF wavelength of 193.4 nm, the photon energy if 6,4 eV. which is significantly higher than that of 5eV 
for the wavelength of 248.3 nm of a KrF excimer laser. Because of this and because the interband transition probability 

40 In the glass structure increases with increase in the photon energy, the Si-CI bond is broken, and consequently the 
probability of generating defects, such as the SiE' center, increases in the case of the ArF laser. Thus, the Si-CI struc- 
ture, which was not an issue in KrF excimer laser irradiation, has considerable effects on properties of silica glass under 
ArF excimer laser irradiation. Therefore, to estimate the durability against ArF excimer laser irradiation .it is necessary 
to find the dependency of the properties of the silica glass on the density of chlorine which is an undesirable Impurity 

45 for durability 

[0033] An example of finding such a dependency on the chlorine density is next described. The correlation between 
the CI density and the absorption coefficient (cm""") at 193.4 nm was studied for silica glass samples after the silica 
glass samples are irradiated with the cumulative number of pulses of 1x10® at an irradiation energy density of 200 
mJ/cm^ per pulse. Specifically, changes in the absorption coefficients in the linear range for a sample having a chlorine 

so concentration of 50 ppm and a chlorine free silica glass sample were measured. The measured absorption coefficient 
for the sample having the CI density of 50 ppm was approximately 1 .3 times as many as that of the CI free silica glass. 
Also the performances of silica glass samples having other chlorine densities were examined, which revealed that up 
to an chlorine density of about 200 ppm, the dependency is linear. Equation (5) shows a formula representing the 
dependency of the absorption coefficient on the chlorine density, determined by the method of least squares based on 

55 these results: 

Absorption Coefficient (cm'"") at 193.4 nm * (1+0.006 C/). (5) 



6 



EP0 908 716 A1 



' where. CI is the chlorine density In ppm and Z is the absorption coefficient of the chlorine free sample. 
[0034] The correlation coefficient x was 0.90. As evident from this high value of the correlation coefficient, the chlorine 
density in the silica glass is considered to be one of the dominant factors that determine the durability (the generation 
of absorption) of the silica glass against ArF excimer laser irradiation. 

5 [0035] As in the cases of Equations (1 ). (2). and (3) which describe the absorption coefficient's dependency on the 
energy density, the dependency on the cumulative pulse number, and the dependency on the dissolved Ha density, 
respectively, coefficient Z in Equation (5), which is the formulae representing the dependency of the absorption coeffi- 
cient on the CI density, can be determined. Thus, it is possible to include the absorption coefficient's dependency on 
the CI density in the estimation Equation (4). 

10 [0036] In a similar manner, by applying statistical analyses to experimental data using formulae. It is possible to deter- 
mine coefficients representing other factors, such as the fluorine density the OH group density, a factor relating to the 
Si-O-Si primary structure, and the effect of the pulse width of an excimer laser beam. Such factors can be incorporated 
into Equation (4) as correction factors. For exarrple. it was confirmed that the absorption effect is inversely proportional 
to the pulse width of an exclnner laser beam. 

15 [0037] So far. the estimations based on the above formulas are effective only in the range where the absorption coef- 
ficient increases linearly with the cumulative pulse number due to the excimer in-adiation. i.e., in the range where the 
transmittance decreases linearly with the pulse number. 

[0038] Next, the absorption coefficient in the saturated range is described. The dependency of the saturated absorp- 
tion coefficient on the irradiation energy density for an ArF excimer laser was examined. Using a dehydrogenized sam- 

20 pie with a chlorine density of 50 ppm and a dehydrogenized sample with a chlorine density of 1 ppm or less, the 
dependency was measured at each of the irradiation energy densities 25, 50.1 00 and 200 mJ/cm^ pulse. Excimer laser 
irradiation was carried out until the transmittance was saturated at each energy density. The results are shown in FIG. 5. 
[0039] Furthermore, the relationship between the cumulative pulse number and the transmittance changes was 
examined by using a sample having a molecular hydrogen density of 1 x 10^^ molecules/cm^ and a dehydrogenized 

25 sample. Both samples had a chlorine density of 50 ppm. The results are shown in FIG. 6. As shown in FIG. 6. the per- 
formance in the linear range up to the saturation value Is different between the samples. Nonetheless, the saturation 
values are almost the same. This indicates that under ArF excimer laser Irradiation dependency of the saturation 
absorption value on the hydrogen density is practically nonexistent. However, for a KrF laser, its saturation value 
depends on the hydrogen density because the absorption band is different from that for the ArF laser. Thus, in the case 

30 of using the KrF laser, it is necessary to incorporate this dependency into estimation of absorption in the saturation 
region. This can be achieved in a similar manner to the cases of estimating effects of other factors, which will be 
described below 

[0040] The dependency of the saturated absorption coefficient on the energy density was determined by the method 
of least squares based on date of FIG.5. as follows: 

35 

Absorption Coefficient (cm'^) ca 1 93 .4 nm = K^' E\ (6) 



40 The results are the same for both the dehydrogenized sample and the sample with a hydrogen molecule density of 
1x10''^ mofecules/cm^ under ArF excimer laser irradiation. Here, the dependency on the energy density e was 0.4±0.2 
(3a). The value of K4 depends on the chlorine density, as shown in FIG. 5, and may depend on the hydrogen molecule 
density for the case of KrF laser irradiation, as described above. 

[0041 1 Next, the dependency of the absorption coefficient on the chlorine density in the saturation region was inves- 
ts tigated. For a dehydrogenized silica glass sample and silica glass samples with chlorine densities. from 0 to 120 ppm. 
the dependency at an irradiation energy density of 200 mJ/cm^ per pulse was studied. Excimer laser irradiation was 
carried out until the transmittance was saturated. The results are plotted in FIG. 7. Equation (7) shows a formula repre- 
senting the dependency of the absorption coefficient on the chlorine density calculated by the method of least squares 
based on data shown In FIG. 7. 

so 6 2 4 

Absorption Coefficient (cm '') at 193.4 nm = • (-2 x 10" C/^ + 5 x 10" C/ + 0,01). (7) 

where. CI is the chlorine density in the silica glass in ppm and K5 is a constant that depends on the energy density. By 
combining the above-mentioned formulae (6) and (7). the absorption coefficient can be expressed as Equation (8): 

55 

Safurafed Absorption Coefficient (cnf') = K-E' (-2 ^10^CP^5^1 0'' CI -h Q.Ol) d, — (8) 
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where d is a correction factor tor room temperature bleach phenomenon after irradiation, as described above. 
[0042] Next, linear range formula (4) (or formula (4) with formula (5)) and saturated range formula (8) are combined. 
The solid line in FIG. 8 shows the transmittance obtained by Formula (4) (or (4) + (5)) and Formula (8). In the figure, the 
range where the transmittance decrease with the cumulative pulse number corresponds to the linear range and the 

5 range where the transmittance has a constant value corresponds to the saturated range. The dotted line in FIG. 8 
shows the actual measured transmittance. As shown in FIG. 8, the transmittance is approximated such that it 
decreases with the cumulative pulse number and reaches the constant value after a certain number of pulses. 
[0043] Various working examples are described below as preferred embodiments of the pr^ent invention. The optical 
member samples are cut out from a high purity silica glass ingot manufactured as follows. High purity silicon tetrachlo- 

10 ride was used as the material, and oxygen gas and hydrogen gas were mixed and burned by a burner made of silica 
glass. The material gas was expelled from the center portion of the burner by diluting it with a carrier gas (normally, oxy- 
gen gas or hydrogen gas). The silica glass was then deposited and melted on a target plate. As a result a silica glass 
ingot with a diameter of 180 mm and a length of 550 mm was obtained. 

/5 First Preferred Embodiment (First Working Example) 

[0044] Illumination optical lens parts for an ArF excimer laser stepper were produced by cutting the above-mentioned 
silica glass ingot. Also, sanrples for physical properties measurements were produced. The excimer laser irradiation 
test was carried out with respect to these samples to derive Formulae (4) and (8) for this case. The H2 density of these 

20 optical silica glass parts was 1 x 10''® molecules/cm^, and the CI density was 20 ppm. 

[0045] Typical conditions under which the illumination-use lenses are to be used (usage conditions) are: an irradiation 
energy density of 5 rnJ/crr?- per pulse and a repetitive frequency of 500 Hz. Assuming that the operating rate is 70%. 
the cumulative pulse number per day is 3 x 10^ pulses, and the specification for the bulk absorption is 5 %/cfn or less. 
The expected transmittance behavior is calculated using Formula (9) with the absorption coefficient derived using esti- 

25 mation Formulae (4) and (8). 

Transmittance (%) = 100 exp {-{Absorption Coefficient) • Thicl<ness {cm)) (9) 

[0046] Using this formula, the reduction tn the bulk transmittance under the afc)ove-mentioned usage conditions was 
30 estimated to be -3.8 %/cm. This value of the reduction in transmittance reached the saturated range, and therefore, it 
can be guaranteed that the specification (5 %/cm or less) be met even if the cumulative number of pulses further 
increases. Thus, under these usage conditions, the saturated transmittence of the silica glass having the above quality 
was 96.2 %/c/77. The total transmittance for the entire optical system can be estimated by deriving the transmittance for 
each part and performing a simple multiplication. 

35 

Second Preferred Embodiment (Second Working Example) 

[0047] Projection optical system-use lens parts for an ArF excimer laser stepper were produced by cutting a silica 
glass ingot. Also, samples for physical properties measurements were produced. The H2 density of these optical silica 
40 glass parts was 1 x 10''^ molecules/cm^, and the CI density was 5 ppm. These lens parts are to be used in the projec- 
tion optical system of the ArF excimer laser stepper, and the required specification for the internal absorption is 0.1 
%/cm or less. 

[0048] Typical conditions under which the projection-use lenses are to be used (usage conditions) are: an irradiation 
energy density of 0. 1 mJ/cm^ per pulse and a repetitive frequency of 500 Hz. Assuming that the operating rate' is 70%, 

45 the cumulative pulse number per day is 3 x 1 0^ pulses, 

[0049] Using the estimation formulae (4) and (8), the calculations were carried out in a similar manner to the first pre- 
ferred embodiment. The reduction in the bulk transmittance under the above-mentioned usage conditions was esti- 
mated to be -0.1 %/cm at 7 x 10''° pulses. This result lies within the linear range, and therefore, the life-span of the lens 
was estimated to be about 6 years. Thus, it is possible to guarantee that the specifications will be satisfied for approxi- 

50 mately 6 years. In addition, under these conditions of usage, it was estimated that the saturated transmittance of silica 
glass with the above quality is 99.5 %/cm. 

Third Preferred Embodiment fThird Working Example) 

55 [0050] In a similar manner to the first and second embodiments, projection optical system-use lens parts for an ArF 
excimer laser stepper were produced by cutting a silica glass ingot. Also, samples for physical properties measure- 
ments were produced. The density of these optical silica glass parts was 2x10^® molecules/cm^, and the CI density 
was 1 ppm or less. These lens parts are to be used in the projection optical system of the ArF excimer laser stepper, 
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and the required specification for the internal absorption is 0.1 %fcm or less. 

(0051 ] Typical conditions under which the projection-use lenses are to be used (usage conditions) are: an irradiation 
energy density of 0.1 mJ/cm^ per pulse and a repetitive frequency of 500 Hz. Assuming that the operating rate Is 70%. 
the cumulative pulse number per day is 3 x 10^ pulses. 

[0052] Using the estimation formulae (4) and (8). the calculations were carried out in a manner similar to the first and 
second preferred embodiments. The reduction in the bulk transmittance under the above-mentioned usage conditions 
was estimated to be -0.1 %/Cfn at 1 x lO^"* pulses. This result lies within the linear range, as in the second preferred 
embodiment, and the life-span of the lens was estimated to be about 10 years. Thus, it is possible to guarantee that the 
specifications will be satisfied for approximately 1 0 years. In addition, under these conditions of usage, it was estimated 
that the saturated transmittance of silica glass with the above quality is 99.6 %/c/r7. If the specification for the bulk 
absorption can be relaxed to 0.2 %/cm. the life-span of the lens would double. 

10053] In general, when a 3 %/c/77 or more of the reduction in the transmittance of the optical member is generated, 
it may be assumed that the optical properties of the optical member have deteriorated due to heat. Using the estimation 
method of the present invention, it is possible to provide a silica glass which is guaranteed to have no deterioration in 
transmittance due to heat by proving that the reduction in the transmittance is 3 %/crT? or less. 

[0054] As described above, by combining analyses in the linear range and the saturated range, it becomes possible 
to accurately and simply estimate changes in the transmittance of the silica glass optical member (i.e., the durability) 
without overestimating the reduction of the transmittance with respect to the cumulative pulse number. 
[0055] In the above embodiments, examples with silica glass were presented. However, the present estimation 
method for durability can be used not only for silica glass but also for other optical menrtoers that are used for an excimer 
laser optical system. In addition, with this estimation method, it is possible to calculate the life expectancy and durability 
period of an excimer laser optical system. Furthermore, a similar estimation of the durability can be can-ied out with 
respect to other light sources or optical thin films. Also, using this estimation method, it is possible to select silica glass 
that has a decrease in the transmittance of about 3 %/cm or less. 

[0056] According to the estimation method of the present invention for durability against excimer laser irradiation, in 
addition to the changes in the absorption coefficient in the linear region where the relationship between the absorption 
coefficient and the cumulative pulse number can be approximated in a straight line, the saturated absorption coefficient 
of the silica glass optical member can be taken into account. Therefore, the overestimation of the reduction in the trans- 
mittance can be avoided and it is possible to accurately estimate the changes in the transmittance of a silica glass opti- 
cal member (durability) in a relatively simply manner. In addition, by employing this method, it is possible to select silica 
glass that has a transmittance loss of about 3%/cm or less. 

[0057] It will be apparent to those skilled in the art that various modifications and variations can be made in the 
method for estimating durability of optical member against excimer laser irradiation and a method for selecting silica 
glass optical member of the present invention without departing from the spirit or scope of the invention. Thus, it is 
intended that the present invention cover the modifications and variations of this invention provided they come within 
the scope of the appended claims and their equivalents. 

Claims 

1 . A method for estimating durability of an optical member against pulsed excimer laser beam in-adiation. the method 
comprising the steps of: 

deriving a first correlation equation representing an absorption coefficient of a test sample for the optical mem- 
ber in terms of a first irradiation energy density of a pulsed excimer laser beam, the cumulative number of the 
excimer laser pulses that have irradiated the test sample, and at least one of hydrogen and chlorine concen- 
trations in the test sample, the first correlation equation representing the absorption coefficient in a linear range 
where an absorption coefficient of the test sample increases with the cumulative number of the excimer laser 
pulses in a substantially linear manner, the step of deriving the first correlation equation including the steps of: 

(a) deriving correlation between the absorption coefficient and the at least one of hydrogen and chlorine 
concentrations in the test sample. 

(b) deriving correlation between the absorption coefficient and the first inradiation energy density and 
cumulative irradiation pulse number of the pulsed excimer laser beam, and 

(c) deriving the first correlation equation from the con-elation derived in step (a) and the conrelation derived 
in step (b); 

deriving a second correlation equation representing a saturated absorption coefficient of the optical member 
in terms of the first irradiation energy density of the pulsed excimer laser beam and at least one of the hydrogen 
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and chlorine concentrations in the test sanple. the second correlation equation representing the saturated 
absorption coefficient in a saturated region where the absorption coefficient is saturated to the saturated 
absorption coefficient after an arbitrary number of the excimer laser pulses irradiates the test sample, the step 
of deriving the second correlation equation Including the steps of: 

5 

(d) deriving correlation between the saturated absorption coefficient and the first irradiation energy density 
of the pulsed excimer laser beam. 

(e) deriving correlation between the saturated absorption coefficient and the at least one of hydrogen and 
10 chlorine concentrations In the test sample, and 

(f) deriving the second correlation equation from the correlation derived in step (d) and the correlation 
derived in step (e): and 

15 estimating the durability of the optical member under actual pulsed excimer laser beam in-adiation conditions, 

including the steps of: 

(g) inputting a second Irradiation energy density of the pulsed excimer laser beam to be actually directed 
towards the optical member and at least one of hydrogen and chlorine concentrations in the optical mem- 

20 ber into the first correlation equation to derive changes the absorption coefficient of the optical member in 

the linear region as a function of the cumulative number of pulses of the pulsed excimer laser beam having 
the second irradiation energy density, 

(h) inputting the second irradiation energy density of the pulsed excimer laser beam to be actually directed 
towards the optical member and the at least one of the hydrogen arxl chlorine concentrations in the optical 

25 member into the second correlation equation to derive a saturated absorption coefficient of the optical 

member in the saturated region, and 

(i) estimating the durability of the optical member against the pulsed excimer laser beam having the sec- 
ond irradiation energy density using changes the absorption coefficient derived in step (g) and the satu- 
rated absorption coefficient derived in step (h). 

30 

2. The method according to claim 1 , wherein step (i) includes the step of deriving the cumulative number of the exci- 
mer laser pulses up to which the absorption coefficient of the optical member is confined within a tolerable range 
using the changes in the absorption coefficient derived in step (g) and the saturated absorption coefficient derived 
In step (h). 

35 

3. The method according to claim 1 . wherein the step of deriving the first correlation equation further includes the step 
of correcting the first correlation equation in accordance with a coefficient which is statistically derived to represent 
effects of structural factors of the test sample, fluoride and OH group densities in the test sample, and the pulse 
width of the pulsed excimer laser. 

40 

4. The method according to claim 1 , wherein the first irradiation energy density of the pulsed excimer laser beam is 
within about 0.01 mj/cm^ per pulse to about 10.000 mJ/cm^ per pulse, and 

wherein the second irradiation energy density of the pulsed excimer laser beam is within about 0.00001 
mj/cm^ per pulse to about 100 mJ/cm^ per pulse. 

45 

5. The method according to claim 4. wherein the step of deriving the first correlation equation further Includes the step 
of correcting the first correlation equation in accordance with a coefficient which is statistically derived to represent 
effects of structural factors of the test sample, fluoride and OH group densities in the test sample, and the pulse 
width of the pulsed excimer laser. 

so 

6. The method according to claim 4. wherein the optical member is silica glass. 

7. The method according to claim 1 , wherein the optical member is silica glass. 

55 8. The method according to claim 7. wherein the step of deriving the first correlation equation further includes the step 
of correcting the first correlation equation in accordance with a coefficient which is statistically derived to represent 
effects of structural factors of the test sample, fluoride and OH group densities in the test sample, and the pulse 
width of the pulsed excimer laser. 
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' 9. A methcxJ of selecting a silica glass optical member among various silica glass optical members, the method com- 
prising the steps of: 

estimating durability of each of the silica glass optical members using the method according to claim 4; and 
5 selecting the silica glass optical member that has the absorption coefficient corresponding to a transmittance 

loss of 3%/cm or less with respect to the pulsed excimer laser beam having the second irradiation energy den- 
sity. 

10. A method for estimating durability of an optical member against pulsed excimer laser beam irradiation, the method 
.10 comprising the steps of : 

(a) irradiating a test sample for the optical member with a pulsed excimer laser beam to induce changes in 
transparency of the test sample with respect to the pulsed excimer laser beam, the irradiation being performed 
for such a time period as to cover not only a linear region where the changes in transparency changes substan- 

,5 tially linearly with the cumulative number of the excimer laser pulses, but also a saturation region where the 

changes in transparency are substantially saturated to a saturated value, which occurs after the linear region; 

(b) measuring changes in the transparency of the test sample with respect to the pulsed excimer laser beam 
as a function of the cumulative number of the excimer laser pulses that have irradiated the test sample in step 
(a), the measurement being conducted in both the linear region and the saturated region; 

20 (c) repeating steps (a) and (b) with a plurality of different first predetermined energy densities of the pulsed 

excimer leer beam to derive a correlation equation representing the changes in the transparency of the test 
sample in the linear region and the saturated region in terms of the energy density of the pulsed excimer laser 
beam and the cumulative number of the excimer laser pulses; 

(d) inputting the value of an energy density of the pulsed excimer laser beam con^esponding to actual usage 
25 conditions of the optical member into the correlation equation to derive expected changes in the transparency 

of the optical member as a function of the cumulative number of the excimer laser pulses under the actual 
usage conditions; and 

(e) comparing the expected changes in the transparency derived in step (d) with a required transparency of the 
optical member to estimate the life-span of the optical member within which the optical member can satisfy the 

30 required transparency 

1 1 . The method according to claim 1 0. wherein the transparency is expressed in terms of a bulk absorption coefficient. 

12. The method according to claim 10. wherein step (c) further includes repeating steps (a) and (b) with a plurality of 
35 test samples different from each other in at least one of hydrogen and chlorine concentrations therein to derive the 

correlation equation including dependency of the changes in the transparency on the at least one of the hydrogen 
and chlorine concentrations, and 

wherein step (d) further includes inputting the value of the at least one of the hydrogen and chlorine concen- 
trations in the optical member the life span of which is to be estimated to derive the expected changes in the trans- 
40 parency corresponding to the at least one of the hydrogen and chlorine concentrations in the optical member. 

13. The method according to claim 10, wherein step (c) further Includes repeating steps (a) and (b) with a plurality of 
test samples different from each other in at least one of a fluorine concentration, an OH group conceritration, and 
an Si-O-Si primary structural factor to derive the correlation equation including dependency of the changes in the 

45 transparency on the at least one of the fluorine concentration, the OH group concentration, and the Si-O-Si primary 
structural factor, and 

wherein step (d) further includes inputting the value of the at least one of the fluorine concentration, the OH 
group concentration, arid the Si-O-Si primary structural factor in the optical member to derive the expected 
changes in the transparency corresponding to the at least one of the fluorine concentration, the OH group concen- 
so tration. and the Si-O-Si primary structural factor in the optical member. 

14. The method according to claim 10. wherein step (c) further includes repeating steps (a) and (b) with a plurality of 
pulsed excimer laser beams having different pulse widths to derive the correlation equation including dependency 
of the changes in the transparency on the pulse width of the pulsed excimer laser beam, and 

£5 wherein step (d) further includes inputting the value of a pulse width of the pulsed excimer laser beam cor- 

responding to the actual usage conditions of the optical member into the correlation equation to derive the 
expected changes in the transparency of the optical member under the actual usage conditions. 
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1 5. The method according to claim 10, wherein step (c) includes deriving a linear region con-elation equation and a sat- 
urated region correlation equation, the linear region correlation equation representing the changes in the transpar- 
ency of the test sample in the linear region in terms of the energy density of the pulsed excimer laser beam and the 
cumulative number of the excimer laser pulses, the saturated region correlation equation representing the satu- 
rated value of the transparency in terms of the energy density of the pulsed excimer laser beam. 

16. The method according to claim 15, wherein step (c) further includes applying the least squares method separately 
to the linear region and to the saturated region to approximate linear region data measured In step (b) with a sub- 
stantially linear equation with respect to the cumulative number of the excimer laser pulses to drive the linear region 
equation and to approximate saturated region data measured in step (b) with a substantially constant value inde- 
pendent of the cumulative number of the excimer laser pulses to derive the saturated region correlation equation. 

17. The method according to daim 10, wherein the plurality of different first predetermined energy densities of the 
pulsed excimer laser beams in step (c) is within the range or about 0.01 mJ/cm^ per pulse about 10,000 mJ/crr^ 
per pulse, and 

wherein the value of the energy density of the pulsed excimer laser beam corresponding to the actual usage 
conditions of the optical member In step (d) Is within the range of about 0.00001 mJ/cm^ per pulse to about 100 
mj/crr?- per pulse. 

18. The method according to claim 10, further including the steps of: 

providing an silica glass ingot; and 

cutting out the test sample and the optical member from the silica glass ingot. 

19. A method for estimating durability of an optical member against pulsed excimer laser beam Irradiation, the method 
comprising the steps of: 

(a) Irradiating a test sample for the optical member with a pulsed excimer laser beam to Induce changes in 
transparency of the test sample with respect to the pulsed excimer laser beam, the irradiation being performed 
for such a time period as to cover not only a linear region and a saturation region; 

(b) measuring changes in the transparency of the test sample with respect to the pulsed excimer laser beam 
as a function of the cumulative number of the excimer laser pulses that have irradiated the test sample in step 

(a): 

(c) repeating steps (a) and (b) with a plurality of different first predetermined energy densities of the pulsed 
excimer laser beam to derive a correlation equation representing the changes in the transparency of the test 
sample in the linear region and the saturated region in terms of the energy density of the pulsed excimer laser 
beam and the cumulative number of the excimer laser pulses; and 

(d) estimating the durability of the optical member under actual usage conditions using the derived correlation 
equation. 
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FIG. B 
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